EFFICIENT SUPER ENERGY TRANSFER COLLISIONS THROUGH REACTIVE-COMPLEX  FORMATION: H + SO2 by Smith, Jonathan M.
EFFICIENT SUPER ENERGY TRANSFER COLLISIONS THROUGH 
REACTIVE-COMPLEX FORMATION: H + SO2 
JONATHAN M. SMITH, MICHAEL J. WILHELM, HAI-LUNG DAI 
Department of Chemistry, Temple University, Philadelphia, PA, USA 
JIANQIANG MA,  
Chemistry, Columbia University, New York, New York, USA
Background 
H*+XYZ collision encounters
High energy collisions sample potential energy surface well above 
transition states 
• Reactions: H* + SO2 → OH + SO 
• Energy Transfer Activation: H* + SO2 → H + SO2* 
Loose chemical complex mediated energy transfer and chemistry 
• Richer understanding of  fundamental reaction dynamics at 
high energy 
• H+HCCH, H+CO2, O+CO2, H+SO2 , … 
Tools to probe 
• Selective detection of  energized species and radicals 
• Time resolved Infrared emission following precursor 
photolysis: biased toward energized species
Super&Energy&Transfer/
•  Experimental Observation: 
o  IR emission from Highly vibrationally excited species following interaction 
with hot hydrogen atom 
o  Nearly 70% of H translational energy appears in internal energy in HCCH 
and  SO2 
o  Significant portion of encounters are “Super” 
•  Model: 
o  Collisions sample deep minima on potential surface 
o  Transient chemical complexes facilitate redistribution of energy 
•  Justification: 
o  Strong collision assumption 
o  Earlier observations: Chemical complexes facilitating inelastic collisions, 
“Tug of War” 
o  Theory: Bowman group  
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I .  INTRODUCTION 
In  recent years a large amount of work has been done concerning the 
transfer of energy among translation, rotation, or vibration in molecular 
collisions in gases. The experiments cover fields widely different from 
one another, Le., spectroscopy, dispersion of sound, and rates of chemical 
reactions. The main purpose of the present review of these experiments 
is an attempt to  derive general rules and to apply them to theories of gas 
reactions. In some chemical theories the energy of activated molecules 
is specified as vibration. Rotation and translation might also contribute 
energy towards activation. These kinds of energy have a limited life- 
time, since they incur the risk of being dissipated by collisions. Hence 
their lifetime is measured not in seconds, as in the familiar case of excited 
atoms capable of spontaneous radiation, but instead in the total number 
99 
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Added gas Yield 
Fz0 1 
0 2  1.13 
Nz 1 .01  
Fz 1.13 
SiFa 0.88 
He 0.40 
A 0 .52  
that in most cases hydrogen is about as effective in causing activation as 
the organic molecule itself; many molecules are considerably less effective. 
This effect of hydrogen has been largely explained on the basis of wave- 
mechanics by 0. K. Ri e (cf. the report of Zener (95)) and by Eyring, 
Gershinowitz, and Sun (18). 
While the r lativ  probabilities given in table 2 are derived directly from 
experiments, the absolute values are much less certain. For pure nitrous 
oxide the probability 1/1700 results when all four vibrational degrees of 
freedom are supposed to be involved. With three degrees of freedom the 
result (88) is 1/190 and with two it is 1/12. Patat and Bartholom6 (61), 
on the basis of a more indirect estimate, applying results of dispersion of 
sound, obtained the order of magnitude of unity. 
Added gas Yield Added gas Yield 
N20 1 Az methane 1 
Hz0 1.50 H i 0  0.46 
coz 1.32 coz 0.25 
Nz 0.24 Nz 0.21 
0 2  0.23 CHI 0.20 
He 0.66 co 0.13 
Ne 0.47 Dz 0.37 
A 0.20 He 0.07 
Kr 0.18 
X 0.16 
TABLE 2 
Relative yields per  collision of gases activating unimolecular decomposition 
DECOMPOSITION OF F10 DECOMPOSITION OF N80 DECOMPOSITION OF AZOMETHANE 
(AT 250°C.) (AT 653°C.) (AT 310°C.) 
In  the preceding sections we differentiated the evidence dealing with 
the lowest quantum of vibration (dispersion of sound) and with high 
quanta near the limit (recombination of atoms, fluorescence radiation). 
The activation of unimolecular decompositions holds an intermediate 
position. While most degrees of freedom of the decomposing molecule 
certainly contain only a small fraction of their maximum energy content, 
the decomposition indicates that there is one degree of freedom that 
reaches its limit by the activation process. 
G. G e n e r a l  r u l e s  
1.  P u r p o s e  o f  general  r u l e s .  The experimental results reported in the 
preceding sections suggest general rules. The experiments, however, do 
not cover the ground so completely that a t  the present time the final shape 
of such rules can be given. Yet an attempt like this might be well worth 
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they are comparable to kT. Here, however, we are dealing with energies 
to  be carried away that  belong to  a.continuous range beyond the limit, 
or to a quantized range near to this limit which by its large number of 
small quanta might behave similarly to  a continuous range. 
F.  Activation of unimolecular decompositions 
Our interest in unimolecular decompositions, which have recently been 
reviewed by several authors (39, 49, 62) from a general point of view, is 
restricted to  the special question: How do they manifest the probability 
of gaining vibration in collisions? Obviously this question is equivalent 
to  the other, dealt with in the preceding sections: How large is the prob- 
ability that  a vibrating molecule gives away energy in collisions? 
In a bimolecular decomposition a collision process directly causes dis- 
sociation. In  complicated molecules it can happen instead that  the colli- 
sion process directly produces vibrations in several degrees of freedom. 
These are coupled so that  they are able to  exchange energy among each 
other. So for a given total energy content of a molecule, a certain prob- 
ability results for a concentration of energy in one degree of freedom suf- 
ficient to decompose the molecule. As these probabilities are intrinsic 
in the molecule i t  decomposes without further collisions after a certain 
lifetime. If this lifetime is small as compared with the time between two 
collisions (low pressure), i t  does not become manifest and the reaction is 
bimolecular. Vice versa, if the activation is frequent above a certain limit 
(high pressure) and the following decomposition infrequent (long intrinsic 
lifetime of activated molecules), the number of activated molecules is 
practically determined by thermal equilibrium and becomes independent 
of the number of activating collisions. So the reaction becomes uni- 
molecular. The critical pressure range a t  which the reaction changes from 
bimolecular to  unimolecular indicates how frequent collisions are required 
to maintain a sufficient supply of highly vibrating molecules. 
For a given molecule that shows unimolecular decomposition, Hinshel- 
wood (34) and his collaborators found that the critical pressure strongly 
depends upon the type of gas added. This indicates that  the various 
molecules have very different abilities to  impart vibration by collisions to  
the molecule to be decomposed. Here is another experimental method 
contributing information of the kind considered in the preceding sections. 
Examples of the yield per collision with which various added gases ac- 
tivate FzO (47), NzO (87, 89), and azomethane (78) are given in table 2.3 
Again, as in dispersion of sound, light atoms seem to have a stronger 
effect than heavy atoms, as is b st evident from the comparison of rare 
gases. 
Investigating organic compounds, Hinshelwood and his coworkers found 
Oldenberg, O.; Frost, A. A. Chemical Review  1937, 20, 99. 
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The Absolute Rate of Homogeneous Atomic Reactions 
HENRY EYRING, HAROLD GERSHINOWITZ' AND CHENG E. SUN, Frick Chemical Laboratory, Princeton University 
(Received September 4, 1935) 
The absolute rate of the recombination of three hydrogen 
atoms is calculated entirely theoretically. The manner in 
which rotation determines the dimensions of the activated 
complex in cases having little or no activation energy is 
discussed. The theoretical data are in good agreement 
with the experimental rates of Steiner and of Amdur. An 
immediate consequence of the theory is that energy trans-
INTRODUCTION 
I N previous papers' there has been developed and applied a theory of the rates of homo-
geneous reactions which takes explicitly into. 
account the behavior of all the degrees of freedom 
of the reacting system, In order to evaluate 
exactly the expressions that are obtained it is 
necessary to construct a potential energy surface 
for the system, In the applications that have 
already been made'(b, 0) this was not feasible 
and it was necessary to obtain approximate 
information about the surface from the data of 
spectroscopy. For diatomic and triatomic sys-
tems, however, it is possible to construct a 
surface which is in agreement with experimental 
data,3 In this paper we shall show that from such 
surfaces one can calculate rates of reaction 
agreeing with experiment. From the surfaces 
considerable information is obtained concerning 
the mechanism by which energy is transferred 
during the three-body collisions by which atomic 
recombinations take place. 
We shall consider in detail the reaction 
H+H+X-->H,+X. Before proceeding to this 
case, we first consider atomic reactions of the 
type A +B->AB. Although this reaction is very 
improbable, it is of great interest because from 
an investigation of the properties of the potential 
surface one learns how to take into account the 
relative angular momentum of two bodies which 
are going to react and also what is meant by the 
I Parker Traveling Fellow of Harvard University, 1934-5. 
2 (a) Eyring, J. Chern. Phys. 3,107 (1935). (b) (;ershino-
witz and Eyring, J. Am. Chern. Soc. 57, 985 (1935). (e) 
Wynne-Jones ann Eyring, J. Chern. Phys. 3, 492 (1935). 
3 Eyring and Polanyi, Zeits. f. physik. Chemie B12, 279 
(1931). 
fer occurs most effectively among particles which can 
react with each other, free atoms being more efficient than 
molecules. A qualitative application of potential surfaces 
to the problem of energy transfer as met in velocity of 
sound experiments and in experiments on maintenance of 
high pressure rates of unimolecular reactions is made. 
collision diameter for such a reaction. This 
information can be carried over to associations 
of diatomic or polyatomic molecules in which 
there is no activation energy. 
These results are of interest also in connection 
with the important work of Pelzer and Wigner 4 
who took less explicit account o( the fact 
that molecules usually approach with relative 
angular momentum, 
THE REACTION AB-.A+B 
The general equation for the rate of any 
reaction is· 
ki=K(Fa'/Fn)(kT/h)e-EO/RT. (1) 
This equation gives the concentration of the 
systems at a saddle point on the surface times 
the rate at which they are crossing the barrier 
times the probability (K) that once they cross 
the barrier they do not recross it. The usual 
potential energy surface for two atoms (Morse 
curve) is two-dimensional and it has no saddle 
point (maximum) except at infinity. It would 
seem as if Eq, (1), therefore, could not be 
applied. We must, however, remember that the 
Morse curve gives the energy of a system of 
two atoms as a function of the distance between 
them only for the case in which the atoms are 
approaching along the same straight line. In 
general this situation will not be encountered; 
• (a) Pelzer and Wigner Zeits. f. physik. Chemie B15, 
445 (1932). (b) Pelzer, Zeits. f. EJectrochemie 39, 608 
(1933). (c) Wigner, Zeits. f. physik. Chemie B19, 203 
(1932). 
'Reference 2(a) Eq. (10). In accordance with the nota-
tion used in reference 2(c), K has been substituted for c, the 
transmission coefficient, in order to avoid confusion with 
concentration. 
786 
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to the plateau (which is associated with in-
creasing reactivity) increases the transfer of 
energy between degrees of freedom. 
COMPARISON WITH EXPERIMEN AL RESULTS 
There is some disagree nt as to the relative 
efficiencies of Hand H2 as third bodies in the 
recombination of hydrogen atoms. The work of 
Steiner indicates that H2 is at least ten times as 
efficient. The work of Amdur gives contrary 
results. We can examine these relative efficiencies 
from the theoretical point of view which we 
have adopted. In order to have a hydrogen mole-
cule transfer energy by an exchange of partners, 
it must lie between two atoms on a straight line. 
Thus we have the configuration H-H-H-H 
and reaction will occur when the central 
hydrogen molecule splits and we get two new 
ones formed. There are three factors which 
might make this process less probable than the 
reaction with three hydrogen atoms. The first is 
that there is less probability of finding the four 
atoms on a line than of finding three. The 
difference, however, is not as great as one might 
expect, for the rotational partition function of 
hydrogen is so small that the molecules will have 
the correct orientation about half the time. 
Secondly, one-third of those collisions in which 
the atoms are collinear will have the molecule 
between the two atoms. These combined proba-
bilities would make the hydrogen molecule t as 
effective as the atom. The third factor that could 
reduce the efficiency would be the necessity of 
an activation energy for the approach of two 
hydrogen atoms to a hydrogen molecule. We 
can make no definite statement about this, 
since we have not calculated the necessary 
surface. We thus come to the conclusion that 
H2 is at best * as efficient as H. This is in agree-
ment with the results of Amdur r ther than 
those of Steiner. Only if the transfer of e ergy 
between the rotation of the colliding H2 molecule 
and the associating atoms is much greater than 
our present knowledge of the potential surface 
indicates could the calculated order of efficiencies 
be reversed. 
The reasoning of the preceding paragraph 
indicates why hydrogen molecules are so much 
more ef icient than others for the transfer of 
energy. Other authors have assumed that it is 
because the mechanism is one of transfer of 
rotational energy to vibrational and that since 
hydrogen has such a smaJl moment of inertia it 
can transfer a large amount of energy in a single 
quantum. From the preceding considerations it 
would seem that the efficiency of hydrogen may 
be due rather to the fact that it can so readily 
form a complex with the reacting substances, 
since its moment of inertia is so smaJl that it 
is in a favorable configuration about half of the 
tim  at room temperature. 
W  see that in general, according to the point 
of view which has here been put forth, the 
bility t  tra sfer energy is intimately connected 
with reactivity. This is in agreement with most 
of the available data. Franck and Eucken13 have 
reached the same conclusions through more 
qualitative methods. Our calculation for the 3 H 
case shows how any other case may be treated 
qua titatively. The method is valid not only for 
actual chemical reactions but also in cases in 
which no bonds are formed or broken. Thus it 
can be applied to t e data obtained in sound 
dispersion t'xp riments, where all the data indi-
cate that energy i most easily transferred 
among molecules that can react with each other.14 
The method may also be applied to the study 
of the maintenance of the high pressure rate of 
unimolecular reactions by foreign gases. Here 
too most of the observed facts are fitted by the 
theory. As we might expect, comparatively inert 
substances vary considerably in the efficiency 
with which they maintain the rate. This is 
shown by the work of Volmer and his collabo-
rators on N20.15 Returning to the recombination 
of hydrogen atoms, Bonhoefferl6 has made a 
qualitative determination of the relative effi-
13 Franck and Eucken, Zeits. f. physik. Chernie B20, 460 
(1933). 
14 Eucken and Becher, Zeits. f. physik. Cher ie B20, 467 
(1933); Kneser and Knudsen; Ann. d. Physik 21, 682 
(1935); Richards and Reid,]. Ch rn. Phys. 2,206 (1934). 
16 Volmer and Froehlich, Zeits. f. physik. Chernie B19, 
89 (1932). 
J6 Bonhoeffer, Zeits. f. physik. Chernie 119, 385, 475 
(1926). 
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H + XY(, J) ! XY(, J) + H ! !Energy transfer (T-V)!
!
H + XY(, J)  ! HX(', J) + Y(, J)!Metathesis!
!
H + XY(, J)  ! HXY(, J)! !Combination!
+ + + 
‡ 
[    ] 
‡ 
+ + + * 
Generation)of)Translationally)Hot)hydrogen3
From:  Wight, C. A.; Leone, S. R., "Vibrational state 
distributions and absolute excitation efficiencies for T-V 
transfer collisions of NO and CO with H atoms produced by 
excimer laser photolysis". J. Chem. Phys. 1983, 79 (10), 
4823-4829. 
Ec.m. H+CO (mass =28) vs. HCCH (mass=26) 
The time evolution of the velocity distribution of hydrogen atoms 
in a bath gas 
Jeunghee Park, Neil Shafer, and Richard Bersohn 
Department o/Chemistry, Columbia University, New York, New York 10027 
(Received 26 May 1989; accepted 23 August 1989) 
In this work we probe an ensemble of energetic hydrogen atoms dilutely dispersed in a bath gas 
which is at thermal equilibrium. A recently developed laser-induced ftuorescence technique 
allows a quantitative measurement on a nanosecond time scale of the shape of a Doppler-
broadened absorption line of hydrogen atoms. A nonequilibrium distribution of H atoms is 
generated by photodissociation, and the line shape is then measured at a ftxed time delay as a 
function of buffer gas pressure. The buffer gases used are He, Ar, Kr, Xe, O2, and N2 • A 
technique perfected by Shizgal is used to integrate the linearized Boltzmann equation for a 
hard-sphere potential. The experimental results for the decay of the kinetic energy are fit with 
cross sections of 10 ± 2, 9 ± 2,12 ± 2, and 16( + 8 - 4) A2 for He, Ar, Kr, and Xe, 
respectively. 
INTRODUCTION 
The slowing down of fast particles caused by collisions 
in a medium, gaseous or condensed, is a universal process 
important for atoms, ions, electrons, protons, and neutrons. 
The velocity distribution cannot usually be measured direct-
ly from this process. However, Doppler-broadened absorp-
tion lines offer a possibility of measuring the velocity distri-
bution function as it evolves toward its equilibrium form. 
An absorber moving toward a stationary light source 
with velocity component v z exhibits a shift in absorption 
frequency ofvz vole, where Vo is the frequency of the absorp-
tion of an absorber at rest. If collisional and radiative lifetime 
broadening are negligible compared to the Doppler broaden-
ing, the curve of absorption vs frequency P( v) is proportion-
al to the distribution function,fz (vz ), in thez component of 
the velocity: 
e P(v) = - fz«v - vole/vol, 
Vo 
where 
fz(vz ) = f f(v)dvxdvy. 
Moreover, if the velocity distribution function is isotropic, 
then one can obtain the velocity distribution f( v) from the 
following equation: 
f(v) = [-=-!.. dfz(vz ) ] , (I) 
211Vz dvz Vz=V 
where f f(v)dv = 1. (2) 
Accurate measurement of the shape of a spectral line re-
quires that one use a light source whose bandwidth is consid-
erably narrower than the width ofthe line. The most practi-
cal light source for this purpose is a narrow-band dye laser. 
With its help, line shapes of atoms at thermal equilibrium 
have been measured which are parametrized by tempera-
ture. 
In this paper we describe experiments in which a non-
equilibrium velocity distribution is measured as a function of 
time. We then use a variational method perfected by Shiz-
gal l --4 to find the mean kinetic energy as a function of time 
and deduce an effective hard-sphere cross section for the 
thermalization process. The "hot" dilute component is the 
hydrogen atom and the bath gas consists of either xenon, 
krypton, argon, helium, molecular nitrogen, or molecular 
oxygen. 
The experiment uses a gaseous mixture of 1-2 mTorr of 
HzS and, in large excess, the bath gas. Two pulsed lasers are 
required. The ftrst laser generates, by photodissociation of 
the H2S at 193 nm, H atoms with a nonequilibrium velocity 
distribution. After a time delay the second laser excites the Is 
to 2p La transition of the atoms causing them to ftuoresce. 
The probe laser is scanned through the wide absorption re-
gion and in this way one measures the ftuorescence excita-
tion spectrum from which the velocity distribution is ex-
tracted. In principle, one could then progressively increase 
the time t and measure the velocity distribution as a function 
of time. In practice, we cannot do this because the initially 
generated fast atoms will move out of the laser beam and 
escape observation. Instead, an exactly equivalent experi-
ment is carried out in which the atoms are probed at a fixed 
time t but at a variety of different bath gas pressures. The 
highest pressure is chosen to be that at which the distribution 
has reached its equilibrium, Maxwell-Boltzmann form. 
The wave number of the La transition is 82 259 cm - I, 
near the extreme end of the VUV region. The majority of the 
H atoms are generated with an HS (v = 0) partner and have 
a speed of 2.2 X 106 cm/s, and therefore a Doppler-broad-
ened absorption curve which is 12 cm- I wide. Finally, the 
molar extinction coefficient of H2S at 193 nm is quite large 
(7000). This implies that the intense Ar F laser radiation will 
produce a large number density of hydrogen atoms. Bath 
gases are chosen that are transparent at the La probe fre-
quency. 
Our experiments are carried out on gases at low pressure 
in which only two-body collisions are important. Under 
these conditions the time-dependent velocity distribution is 
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energy of the H atom, only the repulsive interaction contrib-
utes to the scattering and this repulsion is similar to that of a 
hard sphere which has an isotropic differential scattering 
cross section. This implies that the relative velocity of the H 
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FIG. 4. Spectrum with argon 
added at pressures of (a) 0.30 
Torr, (b) 2.00 Torr, (c) 11.96 
Torr, and (d) 40.04 Torr. 
atom and the krypton atom should be completely isotropic 
after one collision. Since the mass of the krypton atom is 
about 84 times that of the hydrogen atom, the relative veloc-
ity of the atoms and the velocity of the hydrogen atom differ 
-3.00 1.00 
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6t·,00nsee 
v - Vo (em-I) 
d I He 9.50 torr 
6t - 100 nsec 
5.00 
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FIG. 5. Spectrum with helium added 
at pressures of (a) 0.32 Torr, (b) 
0.70 Torr, (e) 1.90 Torr, and (d) 
9.50 Torr. 
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H*+HCCH 
•  Collisions which can form energized intermediates at 
near minima on the PES can result in statistical 
redistribution of  energy and even atoms 
H 
Lessons from energized 
radical collisions
8
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ABSTRACT: Can a molecule be eﬃciently activated with
a large amount of energy in a single collision with a fast
atom? If so, this type of collision will greatly aﬀect
molecular reactivity and equilibrium in systems where
abundant hot atoms exist. Conventional expectation of
molecular energy transfer (ET) is that the probability
decreases exponentially with the amount of energy
transferred, hence the probability of what we label “super
energy transfer” is negligible. We show, however, that in
collisions between an atom and a molecule for which
chemical reactions may occur, such as those between a
translationally hot H atom and an ambient acetylene
(HCCH) or sulfur dioxide, ET of chemically signiﬁcant
amounts of energy commences with surprisingly high
eﬃciency through chemical complex formation. Time-
resolved infrared emission observations are supported by
quasi-classical trajectory calculations on a global ab initio
potential energy surface. Results show that ∼10% of
collisions between H atoms moving with ∼60 kcal/mol
energy and HCCH result in transfer of up to 70% of this
energy to activate internal degrees of freedom.
Collisions serve to thermalize molecules and generatevibrationally excited activated species. Polanyi emphasized
the role of molecular activation in reactivity1 and many studies
have demonstrated enhancement of a reaction channel for one
or more quanta of vibrational excitation in speciﬁc modes.2,3
Recent studies have begun to elucidate the role of short-lived
quantum mechanical resonances in enhancing collisional
excitation.4,5 As well, energetic collisions well above the
minimum energy path for reaction are revealing new
mechanisms even for H + D2.
6,7 Here we delineate an
important role for chemical complex-forming collisions in
generating highly vibrationally activated molecules.
In collisional deactivation of highly internally excited
molecules, the “strong collision” assumption,8−10 experimen-
tally veriﬁed for numerous systems (e.g., NO2,
11 CS2,
12 SO2
13),
has been applied in unimolecular reaction theories where one
collision can deactivate an excited molecule from a dissociative
state to a non-reactive state. The reverse, i.e., collisions in which
large amounts of energy are transferred from ambient colliders
to molecules, is also a critically important phenomenon that still
needs to be characterized. Here we introduce a generally
applicable mechanism by which a molecule can become
activated with a large amount of internal excitation with high
ef f iciency in a collision with a translationally hot atom through
“super energy transfer” (SET) collisions.
Atoms with high translational energy, or so-called “hyper-
thermal” atoms, are abundant in high temperature environ-
ments like combustion chambers or photolytic systems such as
the atmosphere. The outcome of collisions between a
hyperthermal atom like hydrogen and an ambient molecule is
fundamentally important and aﬀects the equilibrium and
molecular reactivity in those systems. We demonstrate that
these types of collisions can, in contrast to the widely accepted
exponential energy gap law, result in large translation-to-
vibration (T-V) energy transfer (ET). These SET collisions
produce species with high internal energy which substantially
aﬀects their reactivity,14 and can also act as a translational
energy sink and lower the temperature of the system.
Here we present the ﬁrst experimental and theoretical
examination of this highly eﬃcient mechanism for energizing
molecular species with chemically signiﬁcant amounts of energy
that occurs through the formation of a reaction complex. For a
collision encounter between a hyperthermal atom and a
molecule, if a collision complex lives long enough during the
collision encounter to allow redistribution of the available
energy, the vibrational degrees of freedom of the molecule after
the dissociation of the complex may host a large quantity of
internal energy that cannot be achieved through traditional
hard-sphere collisions. Most importantly, as distinct from the
well-known “long tail” ET probability, we show that SET
collisions, making use of this reaction complex mechanism,
occur with a surprisingly large probability, (i.e., 10% of
collisions).
This reactive complex collision mechanism is generally
applicable to all atom-molecule collision systems in which
chemical bonding can occur during the encounter. A few prior
studies suggest the possibility of unconventional T-V ET
mechanisms.15−19 Wight and Leone ﬁrst pointed out the
importance of transient HNO and HCO species in their T-V
ET studies of hot H atoms with NO or CO.17 While an
impulsive-force based model with exponential probability
function could qualitatively ﬁt their resulting CO vibrational
energy distribution, it could not predict the NO distribution.
Further studies on the H + CO system also suggest the role of
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HOC and HCO transient complexes.16,18 In a more recent
example, Zare and co-workers identiﬁed the so-called “tug-of-
war interaction in inelastic scattering of H + D2 (ν = 0, j = 0, 2)
(39 kcal/mol collision energy), resulting in vibrationally hot D2,
following excitation of the H−D−D symmetric stretch prior to
dissociation of the transient H−D2 complex.15,20 A similar
mechanism was proposed for the H-abstraction reaction of
CD4.
21 Nevertheless, questions remain as to the nature of these
mechanisms and if they are suﬃciently eﬃcient to be relevant
and generally applicable when considering collisions between a
hyperthermal atom and an ambient molecule.
Experimentally, SET collisions can be probed by detection of
highly vibrationally excited molecules resulting from collisions
with hot atoms, using time-resolved infrared (IR) emission
spectroscopy.22−24 Here we study collisions between hyper-
thermal H atoms and HCCH and show generalizability through
state-of-the-art computations and extension to hot H collisions
with SO2. We detect large quantities of HCCH with vibrational
energy as high as 43 kcal/mol. Transient reactive complex
formation is validated by isotope substitution experiments of
hot H + C2D2 in which highly excited C2HD is detected, more
so than highly excited C2D2, and substantiated by quasi-classical
trajectory (QCT) calculations. These QCT calculations show
collisions sampling a broad portion of the potential energy
surface (PES), including a region near the vinyl conﬁguration.
Time-resolved IR emission spectra from a mixture of 50
mTorr HCCH, 100 mTorr H2S, and 2.0 Torr Ar following the
193 nm photolysis pulse that produces H atoms with up to 53
kcal/mol translational energy from H2S dissociation are shown
in Figure 1a. All main features are assignable to emission from
vibrationally excited HCCH. Additionally, electronic transitions
from C2H are observed at 3700 cm
−1 and HS is observed at
2670 cm−1.
Intensity and position of emission features can be
quantitatively analyzed to deduce the internal energy
distribution of HCCH. IR emission is particularly sensitive to
the vibrational energy content of emitting species due to
anharmonic shifts from higher vibrational levels and vibrational
quantum number scaling of emission intensity.24 Modeling of
emission spectra is based on experimentally determined
spectroscopic constants25 and is detailed elsewhere26 with
speciﬁcs for this study in Supporting Information.
The energy distribution of the emitting population (Figure
2) is determined through nonlinear least-squares ﬁtting of the
time-resolved spectra. For example, the ﬁt of the 1000 ns
spectrum is shown as a green overlay in Figure 1a. Extracted
vibrational energy distributions for multiple time slices are
shown in Figure 2a.
The distribution is best represented by a low-energy
exponential and a Gaussian centered at higher energy.
Collisions between H atoms and HCCH occur within 80 ns
after photolysis. In the earliest spectrum, highly excited HCCH
is detected in surprisingly large quantities. The low-energy
distribution, from impulsive-type ET collisions with H atoms
and from deactivation of highly excited HCCH through
collisions with ambient HCCH, is found in slightly lower
quantities.
The time evolution of the average vibrational energy ⟨E⟩ of
the high-energy distribution is shown in Figure 2b. Fit analysis
allows back-extrapolation to the nascent ⟨E⟩ of the highly
excited HCCH, generated from collisions between hot H atoms
and ambient HCCH. The results show that following
photolysis of H2S, highly excited HCCH is generated with
⟨E⟩0 = 31.5 ± 0.6 kcal/mol. Alternatively, when HBr is used as
a hot H source, ⟨E⟩0 = 44.6 ± 2.1 kcal/mol (HBr data in Figure
S1). These ⟨E⟩0’s represent nearly 70% of the maximum
translational energy available: 53 and 61 kcal/mol from H2S
and HBr, respectively!
Evidence for the proposed complex formation mechanism is
demonstrated in an isotope substitution study. Time-resolved
IR emission is recorded for the system, C2D2 + H (from H2S).
Emission spectra (Figure 1b) show features assignable to both
highly vibrationally excited C2D2 and C2DH. C2DH can only
arise through a reaction complex and, as seen in Figure 1b,
C2DH has substantial and identiﬁable emission. The average
initial vibrational energy for C2D2 was determined to be ⟨E⟩0 =
34.3 ± 1.1 kcal/mol, while for C2DH ⟨E⟩0 = 30.6 ± 1.7 kcal/
mol. The diﬀerence in the ⟨E⟩0 can be ascribed to the diﬀerence
in zero point energies for the dissociating C−H (resulting in
C2D2) and C−D (C2DH product) bonds in a vinyl complex.
Importantly, relative concentrations of C2D2 and C2DH can be
extracted from the spectra to be [C2DH]/[C2D2] = 2.1 ± 0.2.
Comparable quantities of highly excited C2D2 and C2DH are
Figure 1. Time-resolved IR spectra recorded following generation of
hot H atoms by photolysis of H2S in ambient (a) HCCH or (b)
DCCD. The 1000 ns spectra are overlaid with ﬁt spectra: (a) HCCH
emission shown in green, (b) C2D2 and C2DH shown in blue and
orange, respectively.
Figure 2. (a) Time-resolved vibrational energy distributions of HCCH
following photolysis of H2S. (b) ⟨E⟩ of the higher energy distribution
of HCCH as a function of time. The initial vibration energy of
acetylene, ⟨Evib⟩0, is obtained by back-extrapolating ⟨Evib⟩(t) to t = 0
(solid line).
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strong conﬁrmation that a complex is formed during SET T-V
collisions.
As shown in Figure 2a, the relative populations of high vs
lower vibrationally excited HCCH are comparable. This
suggests that SET collisions producing highly excited HCCH
are occurring with similar probabilities to collisions generating
minimally excited HCCH. For this system, while measurements
could not be quantiﬁed to determine the absolute value of the
probability, or cross-section, state-of-the-art calculations were
used to predict the likelihood of these collisions.
These calculations provide energetics consistent with experi-
ment, and additional details such as cross-sections of the vinyl
complex mediated SET mechanism beyond what statistical
theories and their r quisit assumptions c uld reveal.27−29
QCT calculations were performed with the H + HCCH PES
reported previously30 (see Supporting Information) and a
relaxed PES for H atom approach is shown in Figure 3. The
QCT cal ulat on show tha indeed ca. 10% of collisi nal
encounters between H and HCCH result in highly vibrational
excited HCCH through the formation of a vinyl complex. The
eﬃciency of the SET collisions through complex formation can
be qua titatively represented by a cross-section calculated by
integrating the probability of chemically changing trajectories as
a function of impact parameter. The cross-sections for H +
C2D2→ HCCD +D at H energies of 61.6, 53.0, and 51.1 kcal/
mol are 1.6, 1.8, and 1.8 Å2, respectively.
It is impressive that the simulations produce an HCCH
energy distribution (Figure 4) very similar to the exper-
i entally deduced distribution (shown as the earliest time trace
in Figure 2a), in terms of both the center and width of the high-
energy population and the ratio between the higher and lower
energy populations. The simulations reveal that the higher
energy population arises from a variety of collisions. Three
fourths of the collisions producing highly excited HCCH are
through vinyl complex formation, with half resulting in
reactions (the incoming and departing H are not the same)
and half non-reactions (the departing H is the incoming one).
Surprisingly, one-fourth of the SET collisions are not through
complex formation; these “prompt” trajectories do not produce
an identiﬁable vinyl longer than 50 fs, but the H atom does
linger around HCCH for more than just a glancing motion,
much like the “tug-of-war” interactions in the H + D2
collision.15
QCT simu ations of the isotopic substitution experiments
yield results that substantiate the complex formation mecha-
nism but show a smaller [C2DH]/[C2D2] ratio of ∼1:1 relative
to the experimentally deduced 2.1 ± 0.2. A possible
interpretation of this diﬀerence is that, other than experimental
uncertainty, the calculations are based on a PES which may
underestimate H-migration from one carbon to another
required for complete statistical production of ll C2DH
isomers.
As support to the general applicability of the reactive
complex mechanism for SET collisions between hyperthermal
atoms and ambient molecules, we have also examined H + SO2
(see Figure S1). Here, SET is likely facilitated through a
transient HOSO intermediate with ∼100 kcal/mol internal
energy. Due to the availability of an internal reference for
calibrating emission intensity, it was determined that as much
as 2% of the collisions, deﬁned by the van der Waals cross-
section, result in vibrationally excited SO2 with energy as high
as 40 kcal/mol (see Supporting Information).
The H + HCCH and H + SO2 studies show that in collisions
between a hyperthermal atom and a molecule, in systems where
chemical reactions may occur, a chemically signiﬁcant amount
of energy may transfer from the translational motion of the
atom to the internal degrees of freedom of the molecule. SET is
facilitated through internal energy redistribution in the transient
reaction complex formed during the collisional encounter.
These SET collisions occur with probabilities orders of
magnitude higher than what are predicted through the
conventional repulsive force model. The high probabilities
(∼10% for H + HCCH and 2% for H + SO2) are not only
fundamentally signiﬁcant but also calls for consideration of the
eﬀects of these collisions on the temperature as well as
molecular reactivity in environments like combustion and
photochemical systems.
Figure 3. Relaxed PES for H atom addition/dissociation reaction
pathway as a function of R (distance of the incoming H atom to
midpoint of the CC bond) and θ (angle that R makes with the CC
axis). The potential has been relaxed with respect to all the other
degrees of freedom.
Figure 4. Vibrational energy distribution of the acetylene product for
H + C2D2 for a collision energy of 53.0 kcal/mol: “total” = all
trajectories, “reactive” = reactive trajectories, “non-reactive” = non-
reactive but complex-forming, and “prompt” = non-reactive and non-
complex-forming.
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ABSTRACT: Can a molecule be eﬃciently activated with
a large amount of energy in a single collision with a fast
atom? If so, this type of collision will greatly aﬀect
molecular reactivity and equilibrium in systems where
abundant hot atoms exist. Conventional expectation of
molecular energy transfer (ET) is that the probability
decreases exponentially with the amount of energy
transferred, hence the probability of what we label “super
energy transfer” is negligible. We show, however, that in
collisions between an atom and a molecule for which
chemical reactions may occur, such as those between a
translationally hot H atom and an ambient acetylene
(HCCH) or sulfur dioxide, ET of chemically signiﬁcant
amounts of energy commences with surprisingly high
eﬃciency through chemical complex formation. Time-
resolved infrared emission observations are supported by
quasi-classical trajectory calculations on a global ab initio
potential energy surface. Results show that ∼10% of
collisions between H atoms moving with ∼60 kcal/mol
energy and HCCH result in transfer of up to 70% of this
energy to activate internal degrees of freedom.
Collisions serve to thermalize molecules and generatevibrationally excited activated species. Polanyi emphasized
the role of molecular activation in reactivity1 and many studies
have demonstrated enhancement of a reaction channel for one
or more quanta of vibrational excitation in speciﬁc modes.2,3
Recent studies have begun to elucidate the role of short-lived
quantum mechanical resonances in enhancing collisional
excitation.4,5 As well, energetic collisions well above the
minimum energy path for reaction are revealing new
mechanisms even for H + D2.
6,7 Here we delineate an
important role for chemical complex-forming collisions in
generating highly vibrationally activated molecules.
In collisional deactivation of highly internally excited
molecules, the “strong collision” assumption,8−10 experimen-
tally veriﬁed for numerous systems (e.g., NO2,
11 CS2,
12 SO2
13),
has been applied in unimolecular reaction theories where one
collision can deactivate an excited molecule from a dissociative
state to a non-reactive state. The reverse, i.e., collisions in which
large amounts of energy are transferred from ambient colliders
to molecules, is also a critically important phenomenon that still
needs to be characterized. Here we introduce a generally
applicable mechanism by which a molecule can become
activated with a large amount of internal excitation with high
ef f iciency in a collision with a translationally hot atom through
“super energy transfer” (SET) collisions.
Atoms with high translational energy, or so-called “hyper-
thermal” atoms, are abundant in high temperature environ-
ments like combustion chambers or photolytic systems such as
the atmosphere. The outcome of collisions between a
hyperthermal atom like hydrogen and an ambient molecule is
fundamentally important and aﬀects the equilibrium and
molecular reactivity in those systems. We demonstrate that
these types of collisions can, in contrast to the widely accepted
exponential energy gap law, result in large translation-to-
vibration (T-V) energy transfer (ET). These SET collisions
produce species with high internal energy which substantially
aﬀects their reactivity,14 and can also act as a translational
energy sink and lower the temperature of the system.
Here we present the ﬁrst experimental and theoretical
examination of this highly eﬃcient mechanism for energizing
molecular species with chemically signiﬁcant amounts of energy
that occurs through the formation of a reaction complex. For a
collision encounter between a hyperthermal atom and a
molecule, if a collision complex lives long enough during the
collision encounter to allow redistribution of the available
energy, the vibrational degrees of freedom of the molecule after
the dissociation of the complex may host a large quantity of
internal energy that cannot be achieved through traditional
hard-sphere collisions. Most importantly, as distinct from the
well-known “long tail” ET probability, we show that SET
collisions, making use of this reaction complex mechanism,
occur with a surprisingly large probability, (i.e., 10% of
collisions).
This reactive complex collision mechanism is generally
applicable to all atom-molecule collision systems in which
chemical bonding can occur during the encounter. A few prior
studies suggest the possibility of unconventional T-V ET
mechanisms.15−19 Wight and Leone ﬁrst pointed out the
importance of transient HNO and HCO species in their T-V
ET studies of hot H atoms with NO or CO.17 While an
impulsive-force based model with exponential probability
function could qualitatively ﬁt their resulting CO vibrational
energy distribution, it could not predict the NO distribution.
Further studies on the H + CO system also suggest the role of
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HOC and HCO transient complexes.16,18 In a more recent
example, Zare and co-workers identiﬁed the so-called “tug-of-
war interaction in inelastic scattering of H + D2 (ν = 0, j = 0, 2)
(39 kcal/mol collision energy), resulting in vibrationally hot D2,
following excitation of the H−D−D symmetric stretch prior to
dissociation of the transient H−D2 complex.15,20 A similar
mechanism was proposed for the H-abstraction reaction of
CD4.
21 Nevertheless, questions remain as to the nature of these
mechanisms and if they are suﬃciently eﬃcient to be relevant
and generally applicable when considering colli ions betwee a
hypertherm l atom and a mbient mol cule.
Experimentally, SET collisions can be probed by detection of
highly vibrationally excited molecules resulting from collisions
with hot atoms, using time-resolved infrared (IR) emission
spectr sc py.22−24 Here we study collisions between hyper-
thermal H atoms and HCCH and show generalizability through
state- f-the-art computations and extension to hot H collisions
with SO2. We detect large quantities of HCCH with vibrational
energy as high as 43 kcal/mol. Transient re ctive complex
formation is validated by isotope substitution experiments of
hot H + C2D2 in ich highly excited C2HD is detected, more
so than highly excited C2D2, and substantiated by quasi-classical
trajectory (QCT) calculations. These QCT calculations show
collisions sampling a broad portion of the potenti l energy
surfac (PES), including a region near the vinyl conﬁguration.
Time-r solved IR emissi n spectra from a mixture of 50
mTorr HCCH, 100 mTorr H2S, and 2.0 Torr Ar following the
193 nm photolysis pulse that produ es H at ms with up to 53
kcal/mol translational energy from H2S dissociation are shown
in Figure 1a. All main f atur s are assignable to emission from
vibrationally excited HCCH. Additionally, electronic transitions
from C2H are observed at 3700 cm
−1 and HS is observed at
2670 cm−1.
Intensity and position of emission features can be
quantitatively analyzed to deduce the internal energy
distribution of HCCH. IR emission is particularly sensitive to
the vibrational energy content of emitting species due to
anharmonic shifts from higher vibrational levels and vibrational
quantum number scaling of emission intensity.24 Modeling of
emission spectra is based on experimentally determined
spectroscopic constants25 and is detailed elsewhere26 with
speciﬁcs for this study in Supporting Information.
The energy distribution of the emitting population (Figure
2) is determined through nonlinear least-squares ﬁtting of the
time-resolved spectra. For example, the ﬁt of the 1000 ns
spectrum is shown as a green overlay in Figure 1a. Extracted
vibrational energy distributions for multiple time slices are
shown in Figure 2a.
The distribution is best represented by a low-energy
exponential and a Gaussian centered at higher energy.
Collisions between H atoms and HCCH occur within 80 ns
after photolysis. In the earliest spectrum, highly excited HCCH
is detected in surprisingly large quantities. The low-energy
distribution, from impulsive-type ET collisions with H atoms
and from deactivation of highly excited HCCH through
collisions with ambient HCCH, is found in slightly lower
quantities.
The time evolution of the average vibrational energy ⟨E⟩ of
the high-energy distribution is shown in Figure 2b. Fit analysis
allows back-extrapolation to the nascent ⟨E⟩ of the highly
excited HCCH, generated from collisions between hot H atoms
and ambient HCCH. The results show that following
photolysis of H2S, highly excited HCCH is generated with
⟨E⟩0 = 31.5 ± 0.6 kcal/mol. Alternatively, when HBr is used as
a hot H source, ⟨E⟩0 = 44.6 ± 2.1 kcal/mol (HBr data in Figure
S1). These ⟨E⟩0’s represent nearly 70% of the maximum
translational energy available: 53 and 61 kcal/mol from H2S
and HBr, respectively!
Evidence for the proposed complex formation mechanism is
demonstrated in an isotope substitution study. Time-resolved
IR emission is recorded for the system, C2D2 + H (from H2S).
Emission spectra (Figure 1b) show features assignable to both
highly vibrationally excited C2D2 and C2DH. C2DH can only
arise through a reaction complex and, as seen in Figure 1b,
C2DH has substantial and identiﬁable emission. The average
initial vibrational energy for C2D2 was determined to be ⟨E⟩0 =
34.3 ± 1.1 kcal/mol, while for C2DH ⟨E⟩0 = 30.6 ± 1.7 kcal/
mol. The diﬀerence in the ⟨E⟩0 can be ascribed to the diﬀerence
in zero point energies for the dissociating C−H (resulting in
C2D2) and C−D (C2DH product) bonds in a vinyl complex.
Importantly, relative concentrations of C2D2 and C2DH can be
extracted from the spectra to be [C2DH]/[C2D2] = 2.1 ± 0.2.
Comparable quantities of highly excited C2D2 and C2DH are
Figure 1. Time-resolved IR spectra recorded following generation of
hot H atoms by photolysis of H2S in ambient (a) HCCH or (b)
DCCD. The 1000 ns spectra are overlaid with ﬁt spectra: (a) HCCH
emission shown in green, (b) C2D2 and C2DH shown in blue and
orange, respectively.
Figure 2. (a) Time-resolved vibrational energy distributions of HCCH
following photolysis of H2S. (b) ⟨E⟩ of the higher energy distribution
of HCCH as a function of time. The initial vibration energy of
acetylene, ⟨Evib⟩0, is obtained by back-extrapolating ⟨Evib⟩(t) to t = 0
(solid line).
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strong conﬁrmation that a complex is formed during SET T-V
collisions.
As shown in Figure 2a, the relative populations of high vs
lower vibrationally excited HCCH are omparable. This
suggests that SET collisions producing highly excited HCCH
are occurring with similar probabilities to collisions generating
minimally excited HCCH. For this system, while measurements
could not be quan iﬁ d to determine the absolute value of the
probability, or cross-section, state-of-the-art calculations were
used to predict the likelihood of these collisions.
These calculations provide energetics consistent with experi-
ment, a d additional detai s uch as ross-sections of the vinyl
complex mediated SET mechanism beyond what statistical
theories and their r quisit assumptions c uld reveal.27−29
QCT calculations were performed with the H + HCCH PES
reported previously30 (see Supporting Information) and a
relaxed PES for H atom approach is shown in Figure 3. The
QCT cal ulat on show tha indeed ca. 10% of collisi nal
encounters between H and HCCH result in highly vibrational
excited HCCH through the formation of a vinyl complex. The
eﬃciency of the SET collisions through complex formation can
be qua titatively represented by a cross-section calculated by
integrating the probability of chemically changing trajectories as
a function of impact parameter. The cross-sections for H +
C2D2→ HCCD +D at H energies of 61.6, 53.0, and 51.1 kcal/
mol are 1.6, 1.8, and 1.8 Å2, respectively.
It is impressive that the simulations produce an HCCH
energy distribution (Figure 4) very similar to the exper-
i entally deduced distribution (shown as the earliest time trace
in Figure 2a), in terms of both the center and width of the high-
energy population and the ratio between the higher and lower
energy populations. The simulations reveal that the higher
energy population arises from a variety of collisions. Three
fourths of the collisions producing highly excited HCCH are
through vinyl complex formation, with half resulting in
reactions (the incoming and departing H are not the same)
and half non-reactions (the departing H is the incoming one).
Surprisingly, one-fourth of the SET collisions are not through
complex formation; the e “prompt” trajectories do not produce
an identiﬁable vinyl longer than 50 fs, but the H atom does
linger around HCCH for more than just a glancing motion,
much like the “tug-of-war” interactions in the H + D2
collision.15
QCT simu ations of the isotopic substitution experiments
yield results that substantiate the complex formation mecha-
nism but show a smaller [C2DH]/[C2D2] ratio of ∼1:1 relative
to the experimentally deduced 2.1 ± 0.2. A possible
interpretation of this diﬀerence is that, other than experimental
uncertainty, the calculations are based on a PES which may
underestimate H-migratio from one carbon to another
required for complete statistical production of all C2DH
isomers.
As support to the general applicability of the reactive
complex mechanism for SET collisions between hyperthermal
atoms and ambien molecules, we have also examined H + SO2
(see Figure S1). Here, SET is likely facilitated through a
transient HOSO intermediate with ∼100 kcal/mol internal
energy. Due to the availability of an internal reference for
calibrating emission intensity, it was determined that as much
as 2% of the collisions, deﬁned by the van der Waals cross-
section, result in vibrationally excited SO2 with energy as high
as 40 kcal/mol (see Supporting Information).
The H + HCCH and H + SO2 studies show that in collisions
between a hyperthermal atom and a molecule, in systems where
chemical reactions may occur, a chemically signiﬁcant amount
of energy may transfer from the translational motion of the
atom to the internal degrees of freedom of the molecule. SET is
facilitated through internal energy redistribution in the transient
reaction complex formed during the collisional encounter.
These SET collisions occur with probabilities orders of
magnitude higher than what are predicted through the
conventional repulsive force model. The high probabilities
(∼10% for H + HCCH and 2% for H + SO2) are not only
fundamentally signiﬁcant but also calls for consideration of the
eﬀects of these collisions on th temperature as well as
molecular reactivity in environments like combustion and
photochemical systems.
Figure 3. Relaxed PES for H atom addition/dissociation reaction
pathway as a function of R (distance of the incoming H atom to
midpoint of the CC bond) and θ (angle that R makes with the CC
axis). The potential has been relaxed with respect to all the other
degrees of freedom.
Figure 4. Vibrational energy distribution of the acetylene product for
H + C2D2 for a collision energy of 53.0 kcal/mol: “total” = all
trajectories, “reactive” = reactive trajectories, “non-reactive” = non-
reactive but complex-forming, and “prompt” = non-reactive and non-
complex-forming.
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Time Resolved FTIR Probe of Emission 
from Highly Excited Molecules 
!  Vibrationally hot 
molecules are 
generated via UV 
photolysis or excitation 
pulse 
!  Time resolved IR 
fluorescence is collected 
and focused into an 
FTIR  
!  Spectral and temporal 
resolution are achieved 
through the use of an 
FTIR run in step scan 
mode 
Hartland, G.V., Xie, W., Dai, H.-L., Simon, A., Anderson, M.J., Rev. Sci. Instr., 63, 3261 (1992).  
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193 nm photolysis: 
HBr (200 mTorr)  
SO2 (40 mTorr) 
Ar (2 Torr)
Emi$ing  species  in  the  
1000-­‐‑1500cm-­‐‑1  region  
H(fast)  +  SO2  →OH  +  SO*  
H(fast)  +  SO2    →H  +  SO2‡    
SO2  +  193nm  →  SO*  +  O  
14
15
SO SO2
ν3
ν1
! 7!
reaction channels  producing OH+SO exhibit large cross-sections. Hence, it is reasonable 
to assume that many reaction complexes can be frustrated with a H atom departing and 
depositing large quantities of energy in the SO2 fragment { ref. for reaction?}. Currently, 
there is no published theoretical work on the ET of the hyperthermal H+SO2 system, only 
the reaction pathways have been studied. Nevertheless, future trajectory studies could 
certainly help to confirm the proposed reactive-complex-forming ET mechanism.  
It is important to quantify the significance of the proposed reactive-complex 
mechanism in T-V ET. Specifically, what percentage of collisions go through reactive 
complex formation and result in high vibrational excitation of SO2? One way to 
experimentally examine this is the determination of the cross-section for the high ET T-V 
collisions. Here, we report, for the first time, the experimental determination of the cross-
section for the super ET T-V collision, presumably from the formation of an H + SO2 
transient reactive-complex.  
The absolute population of the vibrationally excited SO2 (i.e., [SO2*](t)) 1 µs after the 
arrival of the laser pulse (i.e., the earliest resolved spectrum, reflecting the nascent 
populations) can be calculated based on the relative emission intensities of the SO radical 
and the SO2(ν3) band (Figure 3a). The ratio of the integrated emission intensities have the 
following relationship:  !!": !!!! !! = !!"! ∙ !!" ! ∙ !" ! ∶ !!!"!(!!)! ∙ !!!! !! ! ∙ !"!∗ !  ,
 (2) 
where the M terms are the vibrational transition dipole moments for SO and SO2(ν3), 
which can be estimated in ab initio quantum chemical calculations. ISO and ISO2(ν3) are the 
integrated emission intensities, determined directly from the fitting result of the 1 µs 
16
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spectrum (Figure 3a). The ω terms are the frequency factors for the SO and SO2(ν3) 
modes, corresponding to the center frequency of the vibration modes. The absolute 
population of vibrationally excited SO radical is obtained based upon an internal 
reference from the photolysis of SO2 by the 193 nm pulse30. Briefly, the absorption cross-
section of SO2 is known, and given the unit quantum yield of the 193 nm photolysis of 
SO2, we can calculate the absolute concentration of SO radicals generated from the 
photolysis30, which serves as a reference for the emission intensity of SO radicals in the 
FTIR spectra. A detailed analysis can be found in the supplementary material. The cross-
section can be related to the absolute concentration of excited SO2 at 1 µs with the rate 
constant kET of the ET process as follows: !"! + !∗ !!"!! + !"!∗    (3) !!" = !!!" = !"!∗ !!!!!"!"! !∙ !∗ !∙!!" ,   (4) 
where v  is the relative velocity between the colliders, σET is the ET cross-section, [SO2]0 
and [H*]0 are the initial concentrations of the ambient SO2 and fast H atoms generated 
from the photolysis of HBr. Subsequently, the calculated super ET cross-section for H 
(~59kcal/mol) + SO2 is determined to be 0.53±0.05 Å2, which is about 2% of the hard 
sphere cross-section.  
From comparison, the cross-section for the distribution generated by an impulsive T-V 
ET mechanism can also be estimated as ~0.1 Å2. This number compares well with the 
SSH calculation (see Supplement Material). The cross-sections of V-T ET from 
minimally vibrationally excited SO2 to various non-hydrogen atomic colliders (e.g., Ne 
and Ar) have previously been measured and calculated using the SSH theory34 to be on 
the order of 0.01 Å2. After taking into account the reduced mass factor for the H+SO2 
Super ET cross-section for H (~59kcal/mol) + SO2 is 0.53±0.05 Å2 
~ 2%  the h rd sphere cross-section 
Impulsive T-V ET mechanism can also be estimated as ~0.1 Å2.
The fitting parameters for the vibrational population distribution of SO2 were 
determined as follow: a = 0.001 ± 0.0005 cm, E0 = 5500 ± 500 cm-1, σ = 5000 ± 500 cm-1, 
and the ratio between A and B is ca. 1:5. These two distinct vibrational distributions 
suggest that there are likely two sources of vibrationally excited SO2. This observation 
brings up the question: what are the two mechanisms that produce these two distributions 
of excited SO2? 
 
 
(a)      (b) 
Figure 3. Spectral fitting of the 1µs FTIR spectrum. (a):The red trace is the spectrum, the black trace is the 
nonlinear least squares fitting curve and the upper black trace is the residue curve from the fitting. (b): 
Fitted result for the nascent vibrationally excited SO2 population (1µs) as a function of total internal energy 
<Evib>. Two distributions are also shown in the plot: the Exponential decay (red dot) and the Gaussian (blue 
dot). The total distribution is shown in black bars. 
First of all, the well-known impulsive type of collisional energy transfer between fast 
H atom and other small molecules has been well-documented before1–6,8. Theoretical 
calculations for H+SO2 using the impulsive collisional energy transfer model will be 
presented in the Supplementary Material. The theoretical model calculation for H+SO2 
predicts a single exponential decay of the vibrational distribution of SO2 under this 
experimental condition with the decay constant of 0.0013 ± 0.0005 cm. This result is in 
good agreement with our first vibrational population distribution, the exponential decay 
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Chlorine atom reactions with alkenes are an importantprototype for the broad class of radical addition–elimination reactions: chlorine sources literally cover the
Earth with both oceanic and anthropogenic origins and alkenes
are among the most abundant atmospheric hydrocarbons1. These
reactions play an important role in the oxidation of volatile
organic compounds in marine boundary layers and the Polar
regions2–4, the burning of hazardous waste5 and possibly the
aging of organic aerosols by heterogeneous processes6. In these
bimolecular reactions that have become key in studying
polyatomic reaction dynamics both in the gas phase7 and in
solution8, HCl formation is a major pathway for which addition–
elimination competes with direct abstraction:
ClþCnH2n ! CnH2nClð Þ$! CnH2n% 1 & þHCl ð1Þ
ClþCnH2n ! CnH2n% 1 & þHCl ð2Þ
Direct abstraction and addition–elimination exhibit identical
exoergicity (15–30 kcalmol% 1) and their decomposition is a
long-standing challenge in both kinetics and dynamics studies for
the obvious reason that they give rise to the same products.
Nowadays, the kinetics of numerous Clþ alkene reactions seem
to be well understood, with the gas-phase reactions exhibiting rate
constants close to the gas kinetic limit, while evidence has
been shown for addition–elimination involving a long-lived
CnH2nCl intermediate9–12. However, the details of the reaction
mechanism and dynamics remain unknown. State-selected
HCl measurements have not shown a distinct feature of
addition–elimination in the product distributions13. Quantum
chemical calculations of reaction potential energy surfaces
(PESs) have been unable to corroborate the addition–
elimination mechanism14,15.
Recently, we have investigated the reactions of chlorine atoms
with various alkenes such as butene isomers, 1-pentene and
various hexene isomers using a crossed-beam apparatus coupled
to DC slice ion imaging16,17 We have found that the scattering
distributions reflect the competition between direct H abstraction
and Cl addition–HCl elimination. Our earlier preliminary
theoretical calculations did not locate any typical transition
states (TSs) for HCl elimination, for example, three-centre or
four-centre TSs such as are generally seen for HCl elimination
from closed-shell halides. This suggested the possibility that the
decomposition of the C4H8Cl complexes might occur via a
roaming radical mechanism18. Roaming dynamics are now
widely recognized as an important pathway in unimolecular
reactions19–22 but their role in bimolecular reactions remains an
open question. In this work we show specifically for the case of Cl
with isobutene that addition–elimination occurs by a mechanism
involving Cl atom roaming.
Results
Imaging Clþ isobutene dynamics in crossed beams. Our
experimental approach consists in probing the hydrocarbon
radical product in crossed molecular beams, and is therefore
complementary to state-resolved HCl detection. For this study,
pulsed supersonic beams containing atomic chlorine and iso-
butene seeded in rare gases were crossed at 90! under single-
collision conditions. The interaction region was illuminated by an
F2 excimer laser beam at 157 nm (hn¼ 7.9 eV), directly ionizing
the C4H7 alkenyl product. The recoiling ions were then acceler-
ated onto a position-sensitive detector, viewed by a charged-
coupled device camera, which was gated to detect the C4H7þ mass
products scattered in the plane of the molecular beams and
parallel to the detector. After image accumulation, background
subtraction and density-to-flux correction, the images yield the
velocity-flux contour maps, which embody coupled translational
energy P(ET) and angular T(Y) centre-of-mass distributions for
the reaction.
The choice of isobutene as a target system should be noted
before going into details of the reactive scattering distributions.
There are two different sites that can lead to the formation of HCl
and the alkenyl radical: The first one, the vinylic site, is directly
located on the less substituted sp2 carbon atom; the second one,
the allylic site, is located on the two methyl groups adjacent to the
double bond. Reactions at the allylic sites are thermodynamically
very favourable with enthalpies of reaction DrH(0K)B% 16
kcalmol% 1, while H removal by Cl at the vinylic site is an
endoergic process with DrH(0K)B7 kcal mol% 1 (ref. 17). The
latter reaction is therefore unlikely to occur under our
experimental conditions, although the highest collision energy
could permit this reaction. Moreover, we use an unfocused probe
laser in our present experimental configuration that avoids any
non-resonant multiple photon ionization of the products. Given
the ionization energies of the two possible product radicals
(ionization energies of allylic and vinylic C4H7 radicals are B7.9
(ref. 23) and 8.4 eV, respectively, with the latter value calculated at
the CBS-QB3 level of theory), and the fact that H migration
cannot occur in the energized radical product as established for
similar systems (propene and isoprene)15, we can confidently rule
out the possible detection of radical products stemming from the
abstraction directly at the double bond. The distributions
presented here, and their changes with collision energies,
correspond to reaction at the allylic sites only.
Direct versus addition–elimination pathways. Direct and
indirect pathways for HCl production will appear very differently
in the scattering distributions as illustrated in Fig. 1. The product
direction is taken as zero for the case of no momentum transfer,
Direct H abstraction
Cl addition - HCl elimination
Rebound
Stripping
Sideways
Sideways
Backward
Forward
Addition
Backward
Sideways
Forward
Elimination
Elimination
Figure 1 | Cartoon illustrating the reaction dynamics Clþ alkene
reactions. Direct H abstraction and addition–elimination are contrasted
for Cl reaction with the isobutene molecule. The reactive scattering
components measured in the crossed-beam imaging set-up, namely
forward, sideways and backward, are highlighted.
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